Abstract-Perching can extend the useful mission life of a micro air vehicle. Once perched, climbing allows it to reposition precisely, with low power draw and without regard for weather conditions. We present the Stanford Climbing and Aerial Maneuvering Platform, which is to our knowledge the first robot capable of flying, perching with passive technology on outdoor surfaces, climbing, and taking off again. We present the mechanical design and the new perching, climbing, and takeoff strategies that allow us to perform these tasks on surfaces such as concrete and stucco, without the aid of a motion capture system or off-board computation. We further discuss two new capabilities uniquely available to a hybrid aerialscansorial robot: the ability to recover gracefully from climbing failures and the ability to increase usable foothold density through the application of aerodynamic forces. We also measure real power consumption for climbing, flying, and monitoring and discuss how future platforms could be improved for longer mission life.
; other teams have developed strategies for using rotors to press wheels against a vertical surface and then use continued thrust to maintain contact with the wall and roll along the surface [11] , [12] . In [13] , a platform was developed that could climb on a prepared surface and then detach from the surface and enter a gliding trajectory. To our knowledge, no previous robot has been developed that is capable of flying, perching with passive attachment technology, climbing, and taking off again in outdoor operations. This paper presents such a robot, i.e., the Stanford Climbing and Aerial Maneuvering Platform (SCAMP, shown in Fig. 1 ), which can perch and climb on unprepared surfaces such as concrete and stucco walls.
We first describe the mechanisms and strategies that enable SCAMP's ability to perch, climb, and take off using only onboard sensing and computation. We then discuss two examples of rotor-assisted climbing, which demonstrate how rotors can enhance the operation of a climbing robot: by changing the effective loading angle to increase usable foothold density, and by allowing the robot to reattach after a failed step. Finally, we evaluate how perching and climbing can extend the mission life of our flying platform by measuring real power draw and discuss future improvements to increase efficiency.
II. MECHANISM DESIGN AND STRATEGIES FOR PERCHING, CLIMBING, AND TAKEOFF

A. Mechanism Design
SCAMP is constructed by adding a two-degree-of-freedom climbing mechanism to the commercially available Crazyflie quadrotor [14] . The mechanism (see Fig. 2 ) is designed to rotate SCAMP into the correct orientation for perching when it impacts the wall, to move SCAMP's two spiny feet through a desired climbing gait while keeping forces within the limits of the microspines, and to enable detachment and resumption of flight when desired.
The mechanism is built around a carbon fiber frame that acts as SCAMP's spine and tail, built out of unidirectional pultruded carbon fiber rods lashed together with Kevlar thread and secured with cyanoacrylate adhesive. To perch, SCAMP flies "tail first" into a wall. As the tail makes contact, the rotors continue to turn, causing it to pitch up, into the vertical configuration shown in Fig. 2 . As with other climbing robots [10] , [15] , the tail reduces the inward normal force required at the front feet to counteract the pitch-back moment produced by having a center of mass some distance out from the wall. The tail is equipped with miniature ball bearing "wheels" to reduce drag as it climbs and prevent catching on asperities.
Two RC servos are mounted to the frame, near the center of mass. The first servo (4 g Hitec HS-5035HD) controls the motion of the feet in the vertical direction, parallel to the climbing surface, and is called the extend/retract servo. The servo rotates a stiff carbon-fiber rod, the extend-retract arm (see Fig. 2 , middle), back and forth about the x-axis, extending and retracting the feet. The second servo (2 g Hobbyking HK-5320) controls the motion of the feet in the direction normal to the climbing surface and is called the in/out servo. The in/out servo is coupled to a long T-shaped device made of carbon fiber rods, the in/out guide. The in/out guide rotates about the z-axis. The top bar of the in/out guide is equipped with small wire loops that guide tendons attached to the feet. Thus, as it rotates, a tendon is guided either along the surface (loading the spines) or slightly away from the surface (extending for the next step).
Each foot is suspended on its own tendon, which is kept in tension by a bent carbon fiber strip acting as an extension spring, with relatively constant force due to the bow-spring design [16] . The carbon fiber bow spring is attached to the frame by a pin joint, allowing it to rotate toward and away from the wall. The tendons attached to the feet are routed through the two wire loops on the in/out guide and then anchored to opposite ends of the extend/retract servo arm. When the extend/retract arm rotates, one tendon retracts the foot attached to it, while the other tendon extends, allowing the foot to move upward. Together, the in/out guide and the extend/retract servo can move the feet along nearly any 2-D path within their range of motion, allowing for an adjustable climbing gait. Attached to the tail is a stiff spring-loaded fiberglass "takeoff arm." At the end of this arm is a single spine. When both servos are simultaneously moved to a special configuration, not encountered in normal climbing operation, the takeoff arm deploys to engage with the surface, as discussed further in Section II-D. After deployment, the takeoff arm is retracted to its normal position, tucked against the frame, using another tendon attached to the in/out servo.
The feet, frame, and extension springs weigh a total of 5 g, bringing the total mechanism weight to 11 g. The mechanism is then attached to the 27 g Crazyflie quadrotor for a total robot weight of 38 g.
B. Perching Strategy
To perch, SCAMP is directed toward a surface by a human operator. Once its tail impacts the wall, an automated routine detects the contact and turns SCAMP's rotors on at maximum, causing it to pivot around the tail's contact point and pitch toward the surface. Once the robot is aligned with the wall and the initial vibrations of impact have dissipated, the rotors spool down. This allows the feet to slide down along the wall and engage with the first available foothold.
This perching strategy is designed to meet two central challenges.
First, SCAMP perches using a mechanism that is highly weight-constrained and primarily designed for climbing. In order to climb using only two actuators, SCAMP takes advantage of directional attachment technology [15] , [17] . The microspines adhere when pulled down against an asperity and release simply by removing the downward force, which helps create a smooth climbing gait. However, the impacts involved in perching often result in the spines experiencing forces that cause unintentional detachment. For this reason, previous perching work based on directional attachment had to use a soft carefully tuned suspension to prevent the robot from bouncing off the wall [1] . To avoid the additional weight and complexity of such a suspension, SCAMP must use a perching strategy that is tolerant of the feet bouncing in and out of contact with the wall during the first milliseconds after impact.
To address this first challenge, SCAMP's climbing mechanism is mounted on top of the robot as it flies. This means that the aerodynamic force from the rotors is naturally oriented to press the robot into the wall. This aerodynamic force keeps the robot in contact with the wall as it comes to rest and begins to slide down along the target surface.
The second challenge SCAMP faces is to perch outdoors using only onboard sensing and computation. Ideally, SCAMP's perching approach should be able to approach the wall at a variety of speeds, reliably execute the perching maneuver at the correct time, and then determine whether attachment has succeeded or failed.
To address this challenge, we use SCAMP's tail as a means of detecting the wall and also as a passive mechanical aid to achieve the appropriate perching maneuver. When SCAMP approaches a surface, the tail contacts first. Since the tail is stiff, this produces a large accelerometer signal, typically > 1.0 g, that triggers SCAMP's perching maneuver. The perching maneuver itself involves pitching the robot into the wall until the feet contact the surface and, at its simplest, can be accomplished by disabling the internal stabilization loop and turning the rotors to maximum thrust. As long as the point of impact is below the center of mass, the tail will exert a moment on the quadrotor, which acts to rotate it in the appropriate direction. Once the rotors are near the wall, ground effects act to pull SCAMP tightly against the surface.
This approach is most similar to that used in [9] , which first attaches from the side and then pitches up to attach to a surface. Side attachment is not necessary in our case.
SCAMP can detect failure to attach by observing if vertical acceleration is less than 0.8 g a few hundred milliseconds after the initial impact with the wall.
A typical perch is illustrated in Fig. 3 . The robot flies until the tail impacts the wall and allows it to detect the collision (a); then, the rotors apply maximum thrust, rotating the robot around the contact point to bring the feet into contact with the surface (b). This approach is robust within some angle and velocity constraints. At impact angles θ I > 5
• , the point of impact is above the center of mass (see Fig. 4 ), and torque is initially applied in the wrong direction, increasing the chance of failure. The impact velocity must also be large enough to create an acceleration above that experienced during normal flight conditions. Approximately, 1 g is a safe acceleration threshold, corresponding to ≈0.8 m/s. More advanced detection methods, such as ultrasonic or infrared distance sensing, could potentially reduce this limit to near zero. Initial velocities above ≈2.8 m/s produce large vibrations and a large initial rebound, which can lead to SCAMP aligning incorrectly. Future perching algorithms could detect such large accelerations, abort the maneuver, and attempt a more gentle second approach. The current limits are summarized in Fig. 4 .
C. Climbing Strategy
SCAMP's climbing strategy was chosen primarily with lightness and simplicity in mind, thus using the minimum number of feet and leveraging the asymmetric properties of angled spines to reduce gait complexity, as in [17] . The robot climbs by alternating the loads between its two feet, as illustrated in Fig. 5 . This is similar to the climbing strategy used in [18] and [19] , but the feet are close together and so do not exhibit similar dynamic swinging characteristics. A typical sequence is illustrated in Fig. 5 and begins with one foot (drawn in blue) engaged and at the bottom of its travel. The other foot (drawn in red) is at the top of its travel and is being pressed into the wall by the in/out guide. This means that the blue foot is being pulled slightly away from the wall by the in/out servo. In Fig. 5 , this corresponds to diagram (a), with the blue foot engaged and the red foot contacting the wall but not yet locked on to an asperity. The extend/retract servo then begins to rotate, pulling the red foot down until it engages with a usable foothold. As the extend/retract servo continues to rotate, SCAMP's weight is transferred to the red foot and the blue foot releases from the wall, as pictured in diagram (b) of Fig. 5 . The extend/retract servo rotates until the blue foot is at the top of its travel. Then, the in/out servo rotates to press the blue foot into the wall, simultaneously pulling the red foot away from the wall, as seen in diagram (c) of Fig. 5 . The extend/retract servo then starts the next step by beginning to rotate in the opposite direction, transferring load to the blue foot and allowing the red foot to detach from the wall, as shown in diagram (d) of Fig. 5 . A single step can be reliably executed in about 3 s, lifting the robot 9 cm up the wall and resulting in an average speed of 3 cm/s. Higher speeds tend to produce more vibrations and hence more frequent missed steps; in one set of trials on roofing shingle, a 3× increase in climbing velocity corresponded to a 30 ± 15% (10) reduction in mean steps between failures.
On roofing shingle, the robot averages 18 ± 12 (20) steps between failures. On a stucco surface with more rounded asperities, this is reduced to 5 ± 4 (20), corresponding to an average height gain of ≈0.5 m between failures.
The basic climbing strategy can be modified by changing the motion of the two servo motors in order to produce different results. For instance, if the upper foot is engaged, load can be transferred to the lower foot, and then, the lower foot can be extended, moving the robot downward along the wall. Because SCAMP is capable of detecting and recovering gracefully from most climbing failures (see Section III-B), it is also possible in future work to adjust the climbing gait dynamically in the field. If SCAMP is having difficulty negotiating a specific surface, it could vary the angle of approach, the stroke length, or the amount of pressing force it uses when switching between feet, and observe whether failure incidence is reduced. For instance, on surfaces with large bumps or pits, climbing could be improved by minimizing the time with both feet near the surface to keep the unengaged spine from impacting overhanging asperities and causing vibrations; conversely, on surfaces with small sparse asperities, keeping both feet near the surface gives the top foot longer to find and engage with a useable foothold. For reasons outlined below, larger stroke length is generally desirable; however, on surfaces with low friction coefficients, a shorter stroke length may actually improve overall reliability.
As noted for various climbing robots (e.g., [10] , [20] , [21] ), a tail reduces the pull-in force required at the feet to counteract the pitch-back moment produced by a center of mass that is some distance from the wall surface
where F A is the required force of adhesion, W is the weight of the robot, L R is the length of the robot along the wall, and d CM is the distance from the center of mass to the surface. 
For a foothold to be usable,
where θ μ = tan −1 μ, μ is the coefficient of friction between the spine and an asperity, and θ S is defined as the angle from vertical down to the negative normal surface vector [see Fig. 6(a) ]. All angles are signed using the right-hand rule with respect to the y-axis.
By minimizing θ L , we can increase the number of usable asperities for a given surface profile [15] . To accomplish this, SCAMP climbs with its center of mass held close against the wall and uses both long legs and a long tail to minimize the required pull-in or adhesive force. SCAMP can also use aerodynamic forces to change the effective θ L , as discussed further in Section III-A.
The adhesion considerations present us with a tradeoff in designing the stroke length for a step. Since the spines typically need some amount of travel before engaging with a surface asperity, a longer stroke means that proportionally less time and effort is wasted before finding asperities, and the majority of the stroke is used to propel the robot along the wall. Also, by requiring fewer steps to traverse an equivalent distance, a longer stroke length reduces the possibility of engaging a weak section of the surface that holds momentarily and then breaks. Thus, a longer stroke length increases the efficiency and reliability of climbing. However, a longer stroke length also means that there will be a relatively large change in the distance between the foot and the tail with each stroke. This change in distance increases the loading angle, as illustrated in Fig. 6 , increasing the pitch-back moment and requiring a higher adhesive force. Because of these higher forces, a foothold that is initially usable might become untenable by the end of the stroke. Therefore, while increasing stroke length reduces the time spent searching for footholds and reduces the chance of failing on weak asperities, it also increases the chance that a foothold will fail midstroke due to changing loading angle; we must weigh these competing consequences in selecting an appropriate stroke length for SCAMP.
This problem is mitigated by the fact that the coefficient of friction is usually different when the foot is traveling along a surface trying to engage with an asperity (dynamic friction) than it is when the spine is already at rest on a usable foothold (static friction). When the foot is traveling along a wall, it will only stop when it encounters an area where the surface tangent, θ S , is at a large enough angle to provide a foothold based on dynamic friction. Once the foot has stopped against this asperity, however, it enters the static friction regime. Since the static friction coefficient, μ s , is generally larger than the dynamic friction coefficient, μ d , this usually means that the asperity will be able to tolerate an increase in θ L . If the static and dynamic friction coefficients are known, the allowable increase in θ L can be calculated as
This relationship allows us to approximate the maximum allowable stroke length, L S , in terms of L R , μ s , μ d , and
We can now see that maximum stroke length increases as the difference between μ s and μ d increases, and for robot designs with a smaller r dL .
SCAMP's stroke length was initially designed simply for maximum travel given motor torque constraints. The analysis conducted here predicts that it will function well on surfaces with a spine-to-surface static friction coefficient greater than 0.2 and a difference between static and dynamic friction of at least 20%, which in practice includes most rough exterior surfaces.
D. Takeoff Strategy
When it is time to return to free flight, SCAMP must rotate away from the wall. Since all four rotors are located above the tail's contact point with the wall, they cannot exert the necessary righting moment by applying positive thrust. This means that even if SCAMP could disengage both of its feet, it would be unable to rotate and would fall down along the wall until it impacted a horizontal surface. One solution is to modify the motor drive circuitry to allow for driving the rotors in reverse for short periods of time. In the current implementation, however, we use a mechanical solution to generate the necessary righting moment, illustrated in Fig. 7 .
The mechanical solution uses a "takeoff arm" mounted via a pin joint to the tail. At the end of this takeoff arm is a single spine. During climbing, the takeoff arm is kept close to the carbon fiber frame, away from contact with the wall. When takeoff is desired, both servos move to a combined position not encountered during normal climbing operation to release the takeoff arm and allow its attached spine to contact the wall, as described further in Appendix B. The up/down servo then moves to release tension from whichever foot is currently engaged, allowing the robot to move downward and causing the takeoff spine to drag along the surface. When the spine on the takeoff arm engages an asperity, load is transferred from the engaged foot to it, causing the robot to pitch backward from the wall. When SCAMP detects a change in angle > 40
• , it turns the rotors on and flies up and away from the wall, disengaging the takeoff spine and returning to normal flight.
E. Flight Performance
The addition of the perching and climbing mechanism reduces the flying performance of the Crazyflie. Performance of the bare Crazyflie 2.0 platform has been described in detail in [22] . The increased mass of SCAMP's mechanism reduces flight time by 50% and thrust-to-weight ratio by 40%. Because the tail and feet are extended significantly from the center of mass, the mechanism has an even larger impact on moment of inertia, especially in the pitch axis. In [22] , inertia in this axis was calculated to be 2.4 × 10 −5 kg(·)m 2 . We calculate that SCAMP's mechanism increases the total inertia to 1.1 × 10 −4 kg(·)m 2 , or 4.6× the original value. We verified the effect on rotational performance by observing the time required to pitch 35
• at maximum control input with and without the mechanism and assuming a constant angular acceleration throughout each maneuver. Without the mechanism, average angular acceleration was observed to be 280 rad/s 2 . With the mechanism, average angular acceleration was 4.4× smaller, or 63 rad/s 2 .
III. ROTOR-ASSISTED CLIMBING
A hybrid aerial-scansorial robot has unique access to aerodynamic forces while climbing. In this section, we examine two ways, in which the rotors used primarily for flying can improve climbing performance. First, we examine how rotor thrust can change the effective angle with which a microspine interacts with a surface and how this can increase the apparent density of asperities. Second, we discuss how the ability to fly safeguards the robot against occasional climbing failures and report the empirical results of recovery tests in operation.
A. Using Rotor Thrust to Increase Asperity Density
As discussed in Section II-C, in order for a given foothold to be usable, the loading angle must be below a threshold that depends on the surface angle, θ S , and the coefficient of friction, μ [see (3) ]. For a conventional climbing robot, where θ L is purely a function of the robot's geometry, knowledge of μ and the swept surface profile is sufficient to determine the number of usable asperities in a given region. We solve (3) for θ S to find the minimum graspable surface angle
Note that we cannot simply use the bare surface profile because the spine tip radius (≈ 10 μm) creates a traced surface [23] that effectively smooths the surface profile [15] . Fig. 8(a) shows a 150 μm-long section of concrete and the traced surface for a spine from [15] . For a loading angle of ≈ 7
• and μ of ≈ 0.2, there are just three usable regions, which are representative of the average asperity density for this surface.
SCAMP, however, can apply thrust to change the loading angle
where T is the thrust of the rotors into the wall. With a small amount of thrust, it is possible to greatly increase the number of usable asperities [see Fig. 8(b) ]. Here, ≈ 0.25 body weights of thrust are added, resulting in the number of useful asperities increasing from 3 to 8. The solution is reminiscent of flightless birds that use wings to run up vertical surfaces [24] and robotic platforms that use thrust to increase frictional forces for climbing [25] . (6); this increases both the number and length of available asperities. Concrete profile is taken from [15] . Fig. 9 . Adding a small amount of thrust during climbing significantly increases the number of usable asperities. Predicted performance is based on concrete data from [15] and is approximately matched by dragging a spine along randomly selected paths on a concrete cinderblock (160 total trials). Thrust ≈ 1/4 body weight provides > 3× usable asperity density.
More generally, taking the concrete profiles recorded in [15] and a 10-μm spine tip radius, we can compute how the density of asperities will change as the loading angle is changed. This calculation provides the predicted performance graphed in Fig. 9 . Additional surfaces measured in [15] show similar trends, but of the surfaces measured in that paper, concrete cinderblock showed the most dramatic relationship between loading angle and asperity density, which makes it ideal for demonstrating the possible benefits.
To verify this model, we dragged a single microspine along a concrete cinderblock with varying ratios of shear to normal loading forces. We measured the average distance to find an asperity and, then, took the inverse of that number to estimate the number of asperities per millimeter. The results are plotted against our prediction in Fig. 9 . If the distance between asperities is modeled as a Poisson random variable (as in [15] ), then the distribution of the traveling distance of a single spine on a surface before engaging an asperity follows an exponential distribution
where x is the distance traveled, and λ is the number of asperities per unit length. As λ increases, the exponential function decays more rapidly, meaning long travel distances become less likely.
The error bars in Fig. 9 represent the 95% confidence intervals for our estimate of the mean given an exponential distribution. Note that the cinderblock used in Fig. 9 does not have the exact same surface profile, as that recorded in [15] , so some variation is expected.
Early in the development of SCAMP, experiments were conducted with a 4-g shroud around the rotors so that suction effects created forces approximately one-fourth of SCAMP's weight, while requiring only 10% of the maximum rotor power. As seen in Fig. 9 , this is sufficient to triple the usable asperity density. In the final version, the shroud has been omitted, as 4 g is a significant weight penalty for flying and the thrust obtained at 10% rotor power without the shroud is enough to improve climbing performance.
For example, SCAMP misses an average of one out of every 18 ± 12 (20) steps on composite roofing shingle, an asperityrich surface in comparison to concrete. However, with the rotors at 10% of their maximum power (without a shroud), ten trials of ∼ 30 steps each were taken with no missed steps. For a more challenging surface, the increase in asperity density, and subsequent reduction in time and energy spent searching for a good grip, might outweigh the cost of engaging the rotors; demonstrating this experimentally is a task for future work. At present, the surfaces studied did not require the use of the rotors for effective traversal.
B. Using Rotors as a Fail-Safe for Climbing
Many climbing animals, regardless of whether they are capable of flight, use aerodynamic forces to mitigate the effects of a climbing failure [26] . Flight, including gliding and parachuting, is among the most robust of failure responses, and the addition of flight capability to a climbing robot has many implications. The robot is now able to attempt surfaces of questionable tractability, characterize those surfaces, and do so without fear of catastrophic failure.
In addition to allowing the robot to fly away, SCAMP's rotors can be used to help reengage with a surface after a missed step, as illustrated in Fig. 10 . Using the onboard accelerometer, SCAMP can detect a free-fall condition; during our experiments, the robot's rotors started turning within 10 ms of detachment. Since most failure events do not impart a large velocity away from the wall, a small amount of thrust will quickly return the robot to contact with the surface, allowing it to engage with a new asperity and arrest its descent. Average fall distance on stucco is 14 ± 12 cm (10).
The addition of this recovery capability means that SCAMP has much greater flexibility in the kind of surfaces it can attempt to traverse. If it encounters a difficult surface, it is unlikely to fail catastrophically and can respond by tuning its gait, as discussed in Section II-C, or by increasing rotor thrust, as described in Section III-A.
IV. POWER AND ENERGY CONSIDERATIONS
A commonly cited motivation for perching is to extend mission life. While perched, climbing can be used to change position on the surface without having to take off and reattach. Climbing requires less power than flying, but whether it requires less energy per unit distance has not previously been measured.
To evaluate the possible mission life extension from our current perching setup, we measured real current draw in a variety of scenarios. SCAMP is not optimized for energy or power efficiency, so these numbers serve merely as a quantitative baseline for future work. Power draw is minimal for the case in which SCAMP is at rest on the wall without using its radio and increases as additional systems come online, as illustrated in Fig. 11 .
The computation and sensing units on the Crazyflie platform are not optimized to reduce power consumption, as the base load is in any case small against the costs of active hovering. Substantial losses also occur in the gear trains of the servos, which could be replaced with more efficient drives in future iterations. Also, since motor performance tends to scale favorably with Fig. 11 . Power and energy considerations: power draw was measured for each system configuration, and the energy to translate 1 m upward is compared for the three locomotion modes. Time of operation is calculated using measured power draw and rated battery life. Energy use for taking off and reperching is calculated using the conservative assumption that an extra second of flight time is required for both takeoff and perching maneuvers.
increasing size [27] , a larger platform might climb more efficiently. Fundamentally, climbing involves less work than flying, because the robot only needs to move itself when climbing, as opposed to the need to also accelerate air in order to generate thrust for flying. Hence, it is possible that with future modifications, climbing could become as efficient for covering short distances as flying.
V. DISCUSSION
Multimodal operation generally implies compromises in order to incorporate two independent forms of locomotion. In the current case, a climbing mechanism represents additional weight during flying and so must be optimized with respect to weight as well as reliable operation. This is also true for climbing, where the bulk of the flying machine is unused in normal operation. However, compromises are also accompanied by certain synergies. As SCAMP demonstrates, the use of a flying platform can improve the reliability of climbing with microspines in a few important ways: the rotors can be turned ON to increase normal forces and the corresponding density of usable asperities on a wall; the rotors can also resist vibrations that might otherwise cause failure to attach, and if a fall occurs, they can be used to quickly reattach and resume climbing.
At the same time, an ability to perch allows the extension of mission life by reducing power draw, thus increasing the capability of the flying robot to achieve certain missions.
VI. CONCLUSION AND FUTURE WORK
SCAMP demonstrates mechanisms and strategies that allow for perching, climbing, takeoff, and failure recovery on rough exterior surfaces with only onboard sensing. The robot exploits the fact that the sensitive accelerometers used in flying are also useful for detecting relevant events for perching, climbing, takeoff, and recovery. Because of its multimodal capabilities, SCAMP introduces new strategies for climbing that are unavailable to a flightless climbing robot. Carrying a climbing mechanism reduces flying maneuverability in general, but can improve the operation of certain maneuvers like perching. Likewise, carrying a flying platform requires more mechanical work from a climbing robot, but having the ability to generate aerodynamic forces can improve the reliability of climbing. The ability to perch can extend the mission life of SCAMP from minutes to hours and could have an even more dramatic effect if measures were taken to reduce computational power draw and losses in the servo gear train.
In future work, we will explore the possibility of scaling up the platform. The current mechanism could be attached directly to a slightly larger quadrotor as long as stroke length was reduced to stay within the torque limits of the current servo. Scaling up beyond a factor of 2 or 3 would require a new servo and possibly more load-sharing between spines on the feet.
Other future work will use SCAMP's sensor inputs to actively tune climbing and perching strategies in the field as it encounters surfaces with more or fewer asperities. Mechanical improvements will also expand the range of surfaces that SCAMP can climb. In particular, the current mechanism cannot adapt to curvatures with a radius of < 10 cm, nor can it move horizontally. A more adaptable gait with additional degrees of freedom would be desirable to allow these kinds of motions. This could be achieved through additional actuators or through clutches and transmission redesign.
APPENDIX A DERIVATION OF MAXIMUM STROKE LENGTH
In order for confidence to be placed in a foothold over the course of a stroke, the change in loading angle, θ L , must be less than Δθ L
where L R is the length of the robot along the wall, L S is the stroke length, and d CM is the distance from the center of mass to the surface [see Fig. 6(a) ]. To solve for L S , we first take the tangent of both sides
The tangent can then be expanded to yield the expression
Using the geometry of the original problem, we can make the following replacements for sin and cos:
Substituting these expressions back into (13) and simplifying gives us the following expression:
Before solving for L S , we can remove trigonometric equations from the left side of the equation by first expanding Δθ L as (20) and then using 
Placing this back in the original equation, we now have
If we now solve for L S , we get a formula for the maximum stroke length based on the static and dynamic friction coefficients and the robot geometry 
APPENDIX B DETAILS OF TAKEOFF SPINE DEPLOYMENT
The takeoff arm is held away from the wall at any given time by one of two independent mechanical means. The first is a tendon attached to the takeoff arm near the pin joint and routed through the body of the robot to connect to an arm attached to the in/out servo. When the in/out servo is at the extreme ends of its motion, this "takeoff tendon" is taut, keeping the takeoff arm pressed against the body of the robot. When the in/out servo is in the middle of its travel, the tendon is slack.
The second method of restraining the takeoff arm uses a small carbon-fiber bar attached to the end of the takeoff arm. When the extend/retract servo arm is at the ends of its travel, it overlaps with this "locking bar," preventing the takeoff arm from swinging out toward the surface. When extend/retract servo is in the middle of its range, the bar is free to move.
Thus, the takeoff arm can only deploy when the takeoff tendon is slack and the extend/retract arm is out of the way of the locking bar. During normal climbing operation, the extend/retract arm is moved to a blocking position before the in/out servo removes tension on the takeoff tendon. The in/out servo then retensions the takeoff tendon before the extend/retract servo is allowed to move. When takeoff is desired, moving both servos simultaneously to the middle of their servo ranges allows the takeoff arm to rotate away from the body of the robot and into contact with the surface.
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